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ABSTRACT
Rice represents a primary source of carbohydrates in human nutrition. Upon its consumption,
the released sugars are mostly absorbed, categorising rice as a high glycemic index food.
Addition of ingredients is common practice when cooking rice, which may affect rice digestibility
and influence nutrients absorption in the gastrointestinal (GI) tract, enabling a controlled glucose
release. In this sense, rice formulations were submitted to a dynamic in vitro GI model, consti-
tuted by reactors that simulates peristalsis coupled to filtration membranes, to evaluate carbohy-
drates hydrolysis and bioaccessibility. Addition of quinoa and wholegrains reduced
carbohydrates hydrolysis (i.e. 38.5 ± 5.08% and 57.98±1.91%, respectively) and glucose bioacces-
sibility (i.e. 25.92± 5.70% and 42.56± 1.39%, respectively) when compared with brown rice (i.e.
63.86±2.96% hydrolysed and 44.33±1.88% absorbed). Addition of vegetables significantly
decreased sample chewiness and resulted in superior hydrolysis (71.75±7.44%) and glucose
absorption (51.61±6.25%).
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Rice (Oryza sativa) is one of the most abundant foods
worldwide that is consumed in a daily basis in high
quantities, representing a primary source of carbohy-
drates in human nutrition. In rice, as well in other
cereals and vegetables, sugars are stored as starch mol-
ecules, shaped in granule-like form, making up to
90% of the cereal or grain dry weight (Patindol et al.
2015). Upon digestion, starch is hydrolysed by salivary
and intestinal amylases into small glucose molecules
that are passible to be absorbed in the small intestine.
As such, rice is categorised as a high glycemic index
food, because blood glucose levels escalates following
rice consumption (Chang et al. 2014). In the case of
carbohydrates, the portion of resistant starch is of
great interest as it can withstand digestion in the
gastrointestinal (GI) tract, thus, reaching the large
intestine where it can be fermented by the gut micro-
biota. Resistant starches have a fibre-like function,
and upon fermentation may modulate the production
of small short-chain fatty acids which are beneficial in
the control of human glucose metabolism (Wong and
Louie 2017).
Many studies can be found in the literature on how
pre- and post-harvest processes (such as milling (Roy
et al. 2008), drying and precooking (Yu et al. 2017),
parboiling (Boers et al. 2015), ageing (Azizi et al.
2019), and cooking (Reed et al. 2013)) and structural
characteristics (such as amylose/amylopectin ratio
(Schirmer et al. 2013), retrogradation (Frei et al.
2003), and starch morphology (Shapter et al. 2008;
Tamura et al. 2016)) can affect rice properties and its
digestibility. Nevertheless, the rice industry is cur-
rently focussing in understanding how the addition of
different ingredients can impact the digestibility of
rice and consequently its glycemic index.
Rice is often cooked with other added ingredients,
like vegetables, cereals, grains, aromatic plants, sauces,
among others, altering rice properties in the final
product and the food nutritional content by varying
the amounts of fibres, proteins and lipids present. As
previously referred, dietary fibres are beneficial in the
control of glucose release and absorption, and are also
known for their health benefits, namely reducing the
probability rates of heart diseases, type 2 diabetes,
colon cancer, etc., but they also influence how
nutrients and chemicals are absorbed in the GI tract
(Jha et al. 2017). According to the European
Commission (EC) (European Parliment 2011), dietary
fibres are defined as ‘carbohydrate polymers with
three or more monomeric units, which are neither
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digested nor absorbed in the human small intestine’.
These types of polysaccharides are naturally present in
fruits, vegetables, whole grain cereals, seeds and pulses
(Dhingra et al. 2012). Although the consumption of
dietary fibres presents many health benefits, it was
also known that these structures can interact with
other compounds available during digestion, influenc-
ing their bioaccessibility and bioavailability. For
instance, there is evidence that dietary fibres interact
with fruits and vegetables antioxidant compounds
(Palafox-Carlos et al. 2011), possibly decreasing their
bioaccessibility and bioavailability (Grundy
et al. 2016).
Not only dietary fibres influence the digestibility of
food. For instance, in most processed and commercial
foods, the amount of free sugar is detailed. These
added sugars, either monosaccharides or disacchar-
ides, are hydrolysed at different rates depending on
their type and source, affecting the digestibility of the
food matrix (Nakov et al. 2019). Also, the protein
content, responsible for the structure of foods, will
interact with the remaining macronutrients in the
food matrix. It has been demonstrated that protein
interactions with starch, fibre and phenolic compound
reduced hydrolysis of carbohydrates (Gularte et al.
2012; Swieca et al. 2014; Opazo-Navarrete et al. 2019).
Finally, many ingredients (i.e. seed, pulses, beans, etc.)
contain minor quantities of antinutrients, such as sap-
onins, phytic acid, tannins, nitrates and oxalates,
which may inhibit amylase, pancreatin or trypsin
activity, and, therefore, may reduce the length and
extensions of carbohydrates digestion (Alonso et al.
2000; Filho et al. 2017).
In this sense, understanding the effects of ingre-
dients on the digestibility of food could permit to
achieve a controlled glucose release from carbohy-
drates based foods. This controlled glucose release
would be modulated through the addition of said
ingredients or nutrients, that ultimately could lead to
lower carbohydrates hydrolysis and, consequently, to a
lower glycaemic index.
To better understand nutrients interactions during
carbohydrates digestion, dynamic in vitro GI systems
can be used. These systems allow the simulation of
the conditions found in the human GI tract dynamic-
ally, through the use of reactors which simulate the
stomach, duodenum, jejunum and ileum and mimic
peristaltic movements. These systems are also often
coupled with filtration membranes which are able to
filter small molecules, such as glucose, providing
insight on the bioaccessibility of some compounds.
Also, GI parameters for digestive fluids and enzymes
were described and validated in an international con-
sensus by INFOGEST (Brodkorb et al. 2019).
In this sense, the addition of nutrients in whole
grain rice formulations was evaluated to understand
their influence on carbohydrates’ hydrolysis and con-
sequential glucose bioaccessibility during digestion,




Samples used in this work were commercially avail-
able ready-to-eat rice formulations from Pato Real
Nutriminuto (Ernesto Morgado, Portugal). All formu-
lations were constituted by Carolino brown rice, a
long grain Japonica-type rice variety from Portugal.
Four ready-to-cook formulations with the following
ingredients were tested: Brown Rice (BR), containing
rice (51%), water, olive oil and salt; Brown Rice and
Quinoa (Q), containing rice (53%), red and white qui-
noa (5.1%), water, olive oil and salt; 5 Wholegrains
Mix (WM), containing rice (46%), buckwheat (3.7%),
millet (2.6%), red quinoa (1.5%) and chia (1.5%),
water, olive oil and salt; and Brown Rice, Veggies and
Seeds (VS), containing rice (41%), peas (9.4%), carrots
(6.5%), sweetcorn (6.5%) and golden flaxseeds (2.3%),
water, olive oil, garlic and salt. These formulations
were preprocessed and are thus sold ready to cook
during 1min at 800W in a microwave oven, upon
which they can be consumed. Nutrition declaration of
each formulation is described in Table 1.









Carbohydrates (of which sugars) (g) 33.2 38.8 39.5 30.4
0.4 0.8 0.6 1.7
Lipids (of which saturates) (g) 2.9 4.4 4.4 5.5
0.4 0.6 0.7 0.7
Fibres (g) 2.1 3.1 3.0 3.4
Proteins (g) 3.2 4.7 5.3 4.4
Salt (g) 0.4 0.6 0.5 0.6
Energy (kcal) 176 220 225 195
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Reagents
Reagents used for total starch determination, namely
thermostable a-amylase (3.000U/mL on Ceralpha
reagent at pH 6.5), amyloglucosidase (3.300U/mL on
soluble starch) and GOPOD reagent were purchased
from Megazyme Inc. (Megazyme International,
Ireland Ltd., Wicklow, Ireland). a-Amylase (Roche,
Basel, Switzerland, 10102814001) was obtained from
Merck (Merck KgaA, Darmstadt, Germany) and pep-
sin (P7012; CAS 9001-75-6), lipase (L3126, CAS 9001-
62-1), pancreatin (P7545; CAS 8049-47-6) and bile
salts (B8631; CAS 8008-63-7) were obtained from
Sigma-Aldrich (Sigma-Aldrich Quımica, S.L., Lisboa,
Portugal). Starch from potato (Panreac, 121096.1211)
was purchased from Panreac (Panreac Quımica S.L.U.,
Barcelona, Spain).
Characterisation of formulations
Initial characterisation of formulations involved the
determination of total starch content, amylose/amylo-
pectin ratio and dry weigh. Each assay was performed
in triplicate for each sample type.
The total starch was quantified using the Total
Starch Assay Procedure Kit K-TSTA (Megazyme,
Wicklow, Ireland) through the amyloglucosidase/
a-amylase method. Rice samples were grinded using a
mortar and pestle and 100mg of milled uncooked
sample was weighed. Subsequently, 5mL of ethanol
80% (v/v) were added and the samples were incubated
at 80–85 C for 5min. An equal volume of ethanol
80% was added with subsequent centrifugation at
1800 g for 10min (EBA 20, Hettich, Kirchlengern,
Germany). After centrifugation, supernatants were dis-
carded and samples were washed again with the same
solution two more times to remove free glucose. Then
2mL of KOH 2mol L1 were added and samples
were placed in a water bath at 4 C under stirring for
20min. In this step, KOH functions as a chaotrophic
agent, facilitating samples dissolution and subsequent
hydrolysis. Subsequently, KOH was neutralised with
the addition of 8mL of sodium acetate buffer
1.2mol L1 (pH 3.8). At this point, 0.1mL of thermo-
stable a-amylase and 0.1mL of amyloglucosidase were
added to the samples and placed at 50 C under stir-
ring for 30min, for the hydrolysis of starch into sol-
uble maltodextrins and subsequently hydrolysis to D-
glucose. Since cereals present a high starch content
(>10%), samples were diluted with distilled water up
to 100mL (Fernandes et al. 2020). The resulting D-
glucose was determined using the glucose oxidase-per-
oxidase (GOPOD) reagent (procedure detailed in
Quantification of released sugars and determination of
glycemic index section) and starch percentage was
obtained by multiplying by 162180 (converting factor of
free D-glucose to starch-occurring anhydrous
D-glucose).
Amylose content was determined based on the
standardised ISO 6647-1, Rice – Determination of
amylose content. In summary, 100mg of milled sample
were wet with 1mL of ethanol 95% (v/v). Afterwards,
9.0mL of sodium hydroxide solution at 1mol L1 was
added and samples were placed in a boiling water
bath for 10min. The solution was then made up to
100mL with distilled water. 5mL of each treated sam-
ple were transferred and 2mL of iodine solution (iod-
ine 8mmol L1 with potassium iodide 0.12mol L1)
plus 1mL of acetic acid 1mol.L1 were added and
made up to 100mL with distilled water. After the col-
our development, the absorbance of samples was read
at 620 nm (V560, Jasco, Cremella, Italy). A calibration
curve with pure amylose from potato (Sigma A0512;
CAS 9005-82-7) was plotted for calculations of the
amylose content, and amylopectin was obtained as the
difference between total starch and the deter-
mined amylose.
Samples dry weight was determined by drying 2 g
of cooked sample overnight at 105 C until a constant
weight was attained.
Texture profile analysis of different formulations
Texture profile analysis (TPA) of the different rice
formulations was conducted using a two cycle com-
pression with 70% strain at a pre-test, test and protest
speed of 2, 1 and 5mm s1 with a trigger force of
100 g. For this purpose, the rice samples were cooked
according to the label recommendations (1min at
800W in a microwave oven) and left to cool at least
1 h prior to analysis. Approximately 2 g of rice sam-
ples were weighed and arranged in one layer into a
metal plate of a double axis texture analyser TA.HD
PLUS from Stable Microsystems (Surrey, UK), with a
load cell of 30 kg and a 75mm aluminium compres-
sion paten attachment (Stable Microsystems, Surrey,
UK). The compression curves were then used to cal-
culate the hardness, adhesiveness, springiness, cohe-
siveness, resilience and chewiness of the samples. All
parameters were derived directly from the two com-
pression curves with the exception of chewiness,
which corresponds to the multiplication between
hardness, cohesiveness and springiness, using the soft-
ware Texture Exponent ver. 6.1.1.0 by Stable
Microsystems (Surrey, UK). At least 10 replicates of
INTERNATIONAL JOURNAL OF FOOD SCIENCES AND NUTRITION 47
each rice formulation were used in the TPA analysis.
A box plot analysis was used for outlier detection,
with a coefficient of 0.5.
Dynamic in vitro gastrointestinal digestion
Dynamic in vitro GI digestions were performed by
simulating the gastric, duodenal, jejunal and ileal por-
tions of the GI tract with individual reactors in a
gastrointestinal system (DIVGIS), described elsewhere
(Pinheiro et al. 2016). Digestive parameters were
based on the standardised conditions found in inter-
national consensus for static (Minekus et al. 2014)
and semi-dynamic (Mulet-Cabero et al. 2020) in vitro
digestion protocols, detailed below.
Determination of digestion parameters
To use the DIVGIS, a set of digestive parameters
must be initially defined. The amount of food tested
was 50 g of each rice sample that was previously
cooked in a microwave oven for 1min at 800W
(MS23K3513AW, Samsung Electronics, London, UK)
and grinded in a food grinder (VM-4210, Tristar,
Tilburg, Netherlands), mounted with the included fine
cutting plate (XX-4210230, Tristar, Tilburg,
Netherlands), to ensure a uniform mechanic degrad-
ation, as similar as possible to the mastication process.
Dry weight of formulations was obtained as described
above (see Characterisation of formulations section),
which was necessary to determine the volume of
simulated salivary fluid (SSF) to be added in the oral
phase. The caloric content of food samples (i.e. calo-
ries per gram of food) was calculated applying stand-
ard Atwater factors, that stipulate 4 kcal for 1 g of
protein and 1 g of carbohydrates and 9 kcal for 1 g of
lipids. These factors were necessary to calculate the
gastric emptying (described through Equations
(1)–(3)), since a linear relationship has been found
between the caloric content and the delivery rate of
intraduodenal calories, which was established to be
2 kcal/min (Calbet and MacLean 1997):
Energy rate kcal=minð Þ ¼ Sample ðgÞ
In vivo meal ðgÞ 2 kcal=min
(1)
Gastric emptying minð Þ ¼ Sample caloric content kcalð Þ






¼ Gastric phase final volume mLð Þ
Gastric emptying duration ðminÞ (3)
Due to the acidification process found in the stomach,
the volume of hydrochloric acid at 1mol L1 necessary
to lower samples to pH 2.0 was quantified by the pH test
tube protocol. For this assay only the fluids of the oral
and gastric phases (described below) were added, fol-
lowed by acidification with hydrochloric acid 1mol L1.
The volume of acid used was then added to the simu-
lated gastric fluid (SGF) mixture during the digestion
procedure, allowing a continuous decrease of the pH as
found in vivo. Electrolyte solutions and simulated digest-
ive fluids, specifically SSF, SGF and the simulated intes-
tinal fluid (SIF) constitutions are described in Table 2.
Once these parameters are known, the volumes of
enzymes, electrolyte solutions and water to be added
in each phase, can be calculated.
Dynamic in vitro gastrointestinal digestion protocol
The digestion assays in the DIVGIS do not include an
oral phase, but it is recommended when solid and/or
starchy foods are meant to be tested. Briefly, the proto-
col can be divided in 5 continuous phases, i.e. oral
phase, gastric phase, duodenal phase, jejunal phase and
ileal phase. A solution of 30% starch from potato (w/v)
was gelatinised at 85 C for 30min, grinded and submit-
ted to digestion in the DIVGIS to be used as a reference
food for the glycemic index determination.
Table 2. Preparation of the electrolyte solutions and simulated digestive fluids. The digestion fluids are prepared 1.25x concen-
trated to allow the subsequent addition of enzymes and other solutions.





















g/L mol/L mL mmol/L mL mmol/L mL mmol/L
KCl 37.3 0.5 15.1 15.1 6.9 6.9 6.8 6.8
KH2PO4 68 0.5 3.7 3.7 0.9 0.9 0.8 0.8
NaHCO3 84 1 6.8 13.6 12.5 25 42.5 85
NaCl 117 2 – – 11.8 47.2 9.6 38.4
MgCl2(H2O)6 30.5 0.15 0.5 0.15 0.4 0.12 1.1 0.33
(NH4)2CO3 48 0.5 0.06 0.06 0.5 0.5 – –
CaCl2(H2O)2 44.1 0.3 – 1.5 – 0.15 – 0.6
H2Oup – – 373.84 – 367 – 339.2 –
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The oral phase was performed apart from the
DIVGIS. Cooked samples were grinded before incuba-
tion at 37 C with shaking for 2min. It consisted in
the addition of SSF, a-amylase in the concentration
required to achieve a final activity of 150U/mL
(Sigma units) and CaCl2(H2O)2 to achieve 1.5mmol
L1 to the cooked and grinded samples. Solutions
were added in a volume that ensured a 1:1 (w/v) final
ratio of dry weight of the food to SSF mixture
(SSFþ enzymeþwaterþCaCl2(H2O)2).
The obtained bolus was then placed in the stomach
reactor of the DIVGIS to continue the digestion proced-
ure. From this stage onwards, the digestion procedure is
dynamic, thus the addition of simulated fluids and
enzymes was performed continually using syringe infu-
sion pumps (KDS-100-CE, KD Scientific, Holliston,
MA). The solutions were added in a volume that
ensured a 1:1 (v/v) final ratio of oral phase content to
SGF mixture. SGF mixture was prepared with 4/5 of
SGF (1.25) (v/v), CaCl2(H2O)2 in order to achieve
1.5mmol L1 in the final mixture, the volume of hydro-
chloric acid 1mol L1 previously quantified, and the
remaining volume of purified water. The enzyme gastric
solution was prepared with 10mL of the SGF (1.25),
volume to be added separately of the SGF mixture. This
solution contained 5mL of pepsin in SGF with the con-
centration required to achieve a final activity of 4000U/
mL (Sigma units) and 5mL of lipase in SGF with the
concentration required to achieve a final activity of
120U/mL (Sigma units). To reproduce the fasting vol-
ume of the gastric phase, 10% of the total amount of
SGF mix to be added in the gastric phase (without
enzymes) was placed in the stomach reactor prior to the
sample. This is called the gastric basal volume. The
delivering rate for the remaining 90% of SGF mix was
determined as described in Equation (4) and the deliver-
ing rate of the enzyme gastric solution was determined
as described in Equation (5):
Enzyme gastric solution rate mL=minð Þ
¼ Sample caloric content ðkcalÞ
Sample energy rate ðkcal=minÞ (5)
The content in the stomach reactor was emptied at
the predetermined rate (described in Equation (3)) to
the duodenum reactor. In this phase, solutions were
added in a volume that ensured a 1:1 (v/v) final ratio
of gastric chyme to SIF mixture. Pancreatin was pre-
pared in SIF (1.25), in the concentration required to
achieve a final activity of 100U/mL (TAME) and
added to the SIF mixture containing 4/5 of SIF
(1.25) (v/v), CaCl2(H2O)2 to achieve 1.5mmol L1
in the final mixture and the remaining volume of
purified water. Also, a porcine bile solution 10mmol
L1 was prepared with SIF (1.25). This solution rep-
resented 10% of the SIF mix volume to be added and
was delivered separately. The delivering rate for the
SIF mix was determined as described in Equation (6)
and the delivering rate of the porcine bile solution



















In the jejunal and ileal phases, no secretions were
added, but both reactors were coupled to MiniKros
Sampler hollow fibre filters (S02-E001-05-N, Repligen,
Amsterdam, Netherlands) controlled by peristaltic
pumps (120S, Watson-Marlow, Concord, Canada).
These membranes filtered the soluble portion, and
other small molecules, from the digested samples.
During the digestion procedure, endpoint samples
were collected at the end of each phase, as well as the
filtrate portions from the membranes coupled to the
jejunum and ileum reactor and the ileum delivery
(portion not filtrated or undigested sample).
For each formulation, the digestion assay has been
performed at least in triplicate.
Quantification of released sugars and
determination of glycemic index
D-Glucose from the samples collected in the DIVGIS
were quantified using GOPOD reagent enzymes
(Megazyme, Wicklow, Ireland). The principle applied
to this colorimetric reaction is the conversion of D-





¼ SGF mLð ÞGastric basal volume mLð ÞEnzyme gastric solution mLð Þ
Gastric emptyin minð Þ (4)
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releasing oxygen peroxide molecules. These molecules
are then consumed by peroxidases together with p-
hydroxybenzoic acid and 4-aminoantipyrine to pro-
duce a pink colour quinoneimine dye. Therefore, sam-
ples were centrifuged 1800 g for 10min to precipitate
large particles. Then 3mL of GOPOD reagent was
added to 0.1mL of supernatant and incubated at
50 C for 20min. After incubation, the absorbance of
samples was read at 510 nm. The percentage of glu-
cose was calculated as the quantity of glucose deter-
mined in the total initial amount of food. The
percentage of glucose released, was then normalised to
the percentage of hydrolysed carbohydrates to obtain
the area under the curve (AUC) for determination of
glycemic index. AUC for formulations and the refer-
ence food were calculated in the statistical software
GraphPad Prism version 7.04 (GraphPad, La Jolla,
CA) and used to determine the hydrolysis index (HI)
which was applied to determine glycemic index as
described in Equations (8) and (9) (Go~ni et al. 1997):
HI ¼ AUC formulation
AUC reference food
100 (8)
GI ¼ 39:71þ HI0:549ð Þ (9)
Statistical analysis
Statistical analysis was performed in the statistical
software GraphPad Prism version 7.04. One-way
ANOVA, followed by Tukey’s multiple comparison t-
test with alpha ¼ 0.05 was used for the statistical ana-
lysis of total starch, amylose, amylopectin content
between samples as well as TPA parameters. Statistical
significance of hydrolysed carbohydrates during diges-
tion was determined using the Holm–Sidak method,
with alpha ¼ 0.05. The principal component analysis
(PCA), the box plot and Pearson correlation matrix,
with a 2-tailed test of significance with alpha ¼ 0.05
to obtain the significance level of the correlation coef-
ficients, were obtained using Origin Pro 2018
(OriginLab Corporation, Northampton, MA).
Results and discussion
Total starch, amylose and amylopectin content of
rice formulations
The rice formulations tested consisted in commercially
available products, hence their nutrition label was
available and is reproduced in Table 1. However, only
the amounts of macronutrients, salt and energetic
value are detailed. Since this food product has a cereal
basis, it is important to know how much of the avail-
able carbohydrates correspond to starch. Total starch
content as well as the amylose and amylopectin con-
tent are presented in Table 3.
Values of total starch obtained for samples are low
because they correspond to the percentage of starch
found in the totality of the samples, which are consti-
tuted by approximately 50% of rice. Therefore, if the
obtained values were converted to dry basis, the total
starch percentages would be between 60% and 70%,
which is in accordance with the values found in the
literature for this type of rice (Frei et al. 2003; Deepa
et al. 2010; Chang et al. 2014). Total starch of VS for-
mulation was lower and presented a statistically sig-
nificant difference (p Value < 0.05) compared to the
other formulations, because of its lower quantity of
rice (i.e. 41%). As a consequence, this formulation
also presented a significantly lower (p Value < 0.05)
value of amylose. It was described that lower amylose
content in rice is linked to higher retrogradation and
to a pastier texture after cooking (Roy et al. 2008;
Syahariza et al. 2013).
The results obtained also allow understanding how
much of the carbohydrates present in the samples are
in the form of starch. In the case of BR, carbohydrates
are provided from rice itself (i.e. 97.53 ± 3.06% (w/w)),
whereas in the other formulations, starch only
accounts for 83.55 ± 1.52, 85.22 ± 4.87 and
78.07 ± 4.56% (Q, WM and VS, respectively) of the
available carbohydrates. These formulations contain
higher amounts of carbohydrates in the form of
reducing sugars or fibres, as shown in Table 1.
Texture profile analysis
The TPA was performed to correlate textural data
with the nutritional and physiochemical characteristics
of rice samples and to evaluate how the addition of
food ingredients can influence the textural characteris-
tics of rice. The results of TPA are presented in
Table 4.
The results in Table 4 allow concluding that the
addition of vegetables significantly changed (p Value
Table 3. Total starch, amylose and amylopectin content of
Nutriminuto rice formulations.
Sample Total starch (%) Amylose (%) Amylopectin (%)
BR 32.38 ± 1.02a 10.88 ± 0.57a 21.50 ± 1.16a,b
Q 32.42 ± 0.59a 9.30 ± 0.57a 23.12 ± 0.82a
WM 33.66 ± 1.36a 10.11 ± 0.92a 23.59 ± 2.13a
VS 23.73 ± 1.39b 5.36 ± 0.94b 18.37 ± 1.67b
Mean values within the same column, labelled with the same superscript
letter (a or b) do not statistically differ from each other (p Value > 0.05).
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< 0.05) the textural profile of rice samples. This
change in the profile can be mainly attributed to the
presence of peas in the rice samples, which present
lower hardness, springiness, cohesiveness, resilience
and chewiness. It is also possible to observe that the
hardness value of BR samples is significantly different
(p Value < 0.05) from that of WM samples. This dif-
ference can be attributed to the presence of cereal
ingredients.
To further understand the relationship of these tex-
tural parameters with the rice samples’ characteristics,
a PCA was performed and the result is represented in
Figure 1.
It is possible to observe from the PCA that princi-
pal component 1 (PC1) and principal component 2
(PC2) explain, cumulatively, 97.85% of the total vari-
ability of the variables in study. It is also possible to
associate PC1 to textural profile parameters, amylose
content, dry weight and free sugars, while PC2
accounts for protein content and energy of rice sam-
ples. The remaining variables are associated to both
PCs. Moreover, it is also possible to distinguish three
groups in the scores plot (i.e. dots). A group consist-
ing of BR samples, a group consisting of WM and Q
samples and a group consisting of VS samples. These
groups are also more closely correlated to their main
nutritional variables, i.e. BR is correlated to total
starch, which constitutes 97.53 ± 3.06 of its carbohy-
drates, WM and Q are correlated to energy and car-
bohydrates and VS is correlated to free sugars.
However, since PC1 explains most of the data vari-
ation, differences among the PC1 axis are more
important than those observed in the PC2 axis.
Therefore, despite the differences between BR, Q and
WM samples, the VS samples present more significant
differences when compared with the other formula-
tions. In fact, this correlates with the significant differ-
ences observed in the TPA parameters. Taking this
into account, the textural characteristics of rice sam-
ples are highly correlated with the amylose and dry
weight content. To evaluate the significance of the
variable correlations, a Pearson correlation matrix was
calculated, and the results are presented in Table 5.
Table 5 shows that dry weight and amylose content
Table 4. TPA results of the different rice sample formulations.
Sample Hardness (g of force) Adhesiveness (g of force) Springiness Cohesiveness Chewiness Resilience
BR 17133.81 ± 3034.34a 3.66 ± 2.16a 0.91 ± 0.03a 0.61 ± 0.01a 9074.43 ± 1703.43a 0.40 ± 0.01a
Q 18830.10 ± 2265.07a,b 2.05 ± 0.87a 0.86 ± 0.05a 0.60 ± 0.02a 10386.33 ± 797.65a 0.43 ± 0.02a
WM 21235.89 ± 1409.84b 1.50 ± 0.79a 0.88 ± 0.06a 0.59 ± 0.02a 10912.80 ± 1625.78a 0.42 ± 0.02a
VS 3918.49 ± 1827.99c 13.80 ± 7.17b 0.68 ± 0.07b 0.35 ± 0.05b 896.53 ± 560.85b 0.14 ± 0.06b
Values within the same column that present the same superscript letters (a, b or c), do not significantly differ (p Value < 0.05) from each other.
Figure 1. PCA biplot of textural and physicochemical/nutritional variables.
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highly correlate with textural properties. Higher
amounts of water (i.e. lower dry matter) in rice for-
mulations translate into softer rice samples. The amyl-
ose content positively correlates with springiness,
cohesiveness and chewiness (Schirmer et al. 2013;
Syahariza et al. 2013; Chen et al. 2017).
Digestion assays using the DIVGIS
Digestion parameters established for formulations and
reference food are described in Table 6.
VS was the sample with higher humidity, affected
by the presence of vegetables which yield more than
ca. 80% of water, as opposed to wholegrains which
yield ca. 10% of water (McConnell et al. 1974);
accordingly, lower volumes of SSF mix in the oral
phase were required for this sample. The protocol
applied when using DIVGIS anticipates longer gastric
emptying periods when the food has a higher caloric
content, as found in in vivo human gastric emptying
(Okabe et al. 2017). Also, the gastric emptying is only
possible for gastric content with particles smaller than
1mm. This condition was guaranteed by the addition
of a perforated disc in the end of the stomach reactor,
representative of the human pylorus, grating both
enzymatic and mechanical degradation of samples
during the gastric phase. Samples became more vis-
cous over the gastric phase prior transition to suc-
ceeding phases. With the continuous addition of
hydrochloric acid 1mol L1 diluted in the SGF mix,
pH decreased until the desired pH levels (i.e. around
2.0) in one-third of the gastric emptying total
duration and remained stable until the end of the gas-
tric phase (data not shown). After completion of the
gastric emptying, the succeeding reactors were stopped
when no more food digesta or digestive secretions (i.e.
fluids and enzymes) were available. Filtration through
the hollow fibres was extended until no more food
digesta was available.
Hydrolysis of available carbohydrates
during digestion
The GI tract is responsible for the degradation and
absorption of macronutrients present in food, which
undergoes multiple processes with the purpose of
reducing an eventually complex food matrix into
monomers, facilitating the absorption of energy and
essential compounds (Grand et al. 1976). In this work,
rice formulations were digested in vitro and the
released D-glucose during these assays was quantified
and then converted into percentage of carbohydrates
hydrolysed. These results are presented in Figure 2.
Carbohydrates are the major hydrolysed macronu-
trients due to the combination of mechanical and
enzymatic degradation caused by salivary amylases
(Woolnough et al. 2010; Bornhorst and Singh 2012).
Despite the short time of incubation (2min) of the
oral phase, the enzymatic action managed a note-
worthy impact on the food structure, converting the
solid and liquid phase into a mixture, commonly des-
ignated as bolus. The formulations tested presented
similar degrees of carbohydrate hydrolysis in this
Table 5. Pearson’s correlation coefficient of selected variables.
Dry weight Amylose Hardness Adhesiveness Springiness Cohesiveness Chewiness Resilience
Dry weight –
Amylose 0.95836 – 0.94019 0.9161 0.99452 0.97209 0.95964 0.94614
Hardness 0.99828 0.94019 – 0.99783 0.95763 0.98112 0.99805 0.99666
Adhesiveness 0.99225 0.9161 0.99783 – 0.9367 0.97107 0.99185 0.9937
Springiness 0.97271 0.99452 0.95763 0.9367 – 0.96957 0.97292 0.95557
Cohesiveness 0.98686 0.97209 0.98112 0.97107 0.96957 – 0.98848 0.99154
Chewiness 0.99995 0.95964 0.99805 0.99185 0.97292 0.98848 – 0.99648
Resilience 0.99586 0.94614 0.99666 0.9937 0.95557 0.99154 0.99648 –
Correlation coefficients coloured in bold present a significant (p Value < 0.05) correlation between variables.
Table 6. Parameters predetermined for in vitro digestion of Nutriminuto rice formulations on the DIVGIS.













BR 52.27 ± 0.34 1.717 107.31 118.0 128.8 139.5
Q 52.37 ± 0.18 2.136 133.50 146.9 160.2 173.6
WM 53.53 ± 0.13 2.188 136.75 150.4 164.1 177.8
VS 41.20 ± 0.13 1.877 117.94 129.7 141.5 153.3
Starch from potato
30 % (w/v)
30 3.627 226.69 249.4 272.0 294.7
Gastric and duodenum emptying time also correspond to the endpoint sample on those phases.
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phase (i.e. 10.71 ± 0.56, 7.69 ± 3.87, 11.51 ± 0.69 and
13.02 ± 1.10% for BR, Q, WM and VS, respectively).
The gastric phase provoked the main structural
degradation on the food. The combination of a longer
incubation period, acid conditions and enzymatic
action generate partially digested food containing
smaller particles. The food digesta resultant from this
phase is commonly designated as chyme. During this
phase, the percentages of carbohydrates hydrolysed
did not increase compared with the results obtained
in the oral phase. This result was expected, since the
enzymatic action of pepsin and lipase are responsible
for breaking down the protein and lipid content of
the samples, promoting changes on carbohydrate
structures, without specifically degrading them or
releasing glucose (Freitas et al. 2018). On the other
hand, the samples collected in the end of the duo-
denal phase had high percentage of hydrolysed carbo-
hydrates. In addition to the chemical and mechanical
digestion of chyme, the addition of pancreatin and
bile salts, as well as the neutralisation of medium pH,
gathered the optimal conditions for pancreatic amy-
lases action (Sundarram et al. 2014). BR and VS for-
mulations presented higher hydrolysis at the end of
the duodenal phase compared to the samples contain-
ing wholegrains (i.e. 39.31 ± 2.20, 32.87 ± 1.44,
33.50 ± 2.93 and 43.60 ± 2.84% for BR, Q, WM and
VS, respectively). Also, the passive absorption of glu-
cose in the jejunum presented statistically significant
(p Value <0.05) lower values for Q and WM samples.
Similar results were obtained in the ileum filtrate with
the exception of BR formulation, which presented
similar results to Q formulation. The ileum delivery
represents the portion of hydrolysed carbohydrates
that was not absorbed, and would proceed to the large
intestine. Again, formulations containing wholegrains
(Q and WM) had lower quantities of sugars that were
not absorbed (i.e. 19.52 ± 1.08, 12.58 ± 0.89,
15.42 ± 1.09 and 20.14 ± 1.27% for BR, Q, WM and
VS, respectively).
The addition of cereals, grains, vegetables and seeds
in the different formulations affected mainly the type
of carbohydrates present in the samples (i.e. free sug-
ars and fibres), leading to changes in the digestibility,
glucose release and its absorption, as presented in
hydrolysis profiles found in Figure 2.
The addition of wholegrains to rice raised the
carbohydrate content of formulations Q and WM (see
Table 1), even though it did not change the total
starch content in a significant statistically value (p
Value > 0.05) compared to BR (see Table 3). Also, as
shown in the PCA (Figure 1), Q and WM had a worst
correlation with free sugars, suggesting that the higher
amount of carbohydrates was indeed due to fibres
from the added wholegrains. Nevertheless, despite
higher amounts of carbohydrates were present, the
hydrolysis of available carbohydrates was significantly
lower (p Value < 0.05) for Q and WM formulations.
This result suggests that dietary fibres present in these
formulations (i.e. quinoa, buckwheat, millet and chia)
were more resistant to hydrolysis when compared to
cereals alone (i.e. brown rice) (Cui et al. 2013).
In contrast, the addition of veggies and seeds in VS
formulation maintained the carbohydrates content at
the same level of BR (see Table 1), however, the total
starch value (see Table 3) was significantly lower
Figure 2. Percentage of carbohydrates hydrolysed during the different phases of in vitro digestion on DIVGIS. Bars represent mean
values and the errors bar represents standard deviation. Samples labelled with the same letter (a, b or c) within the same phase
of digestion do not statistically differ from each other (p Value > 0.05).
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(p Value < 0.05). This formulation presented the
highest values for hydrolysis of available carbohydrates
throughout all the in vitro digestive process, in spite
of presenting the highest fibres content of all formula-
tions. This result can be correlated to VS higher free
sugar content, which can also be correlated to its
higher water content and lower chewiness (see Figure
1) (Rahman and Al-Farsi 2005).
The results obtained prove that a controlled glucose
release could be achieved by the addition of different
ingredients. As said above, the addition of wholegrains
reduced the amount of glucose release from the base
food (i.e. brown rice). This outcome is of upmost
interest when lower amounts of sugars are intended,
such as the case of obese populations. On the con-
trary, the addition of vegetables increased the amount
of glucose released from the same base food.
Glucose bioaccessibility and glycemic index of
formulations
Absorption of glucose released during in vitro digestion
is presented in Figure 3. This parameter can be consid-
ered as the bioaccessibility of glucose, since it describes
the quantity of glucose that was released from a food
formulation and that permeated through jejunal and
ileal membranes, representing the intestinal absorption
of compounds that become accessible to be used in the
physiological functions (Ribnicky et al. 2014).
Formulation Q had the lower bioaccessibility of glucose,
followed by WM, BR and VS, respectively. This formula-
tion presents a higher fibre content comparing to WM and
BR (see Table 1), which was more resistant to hydrolysis
and obtained lower values of glucose absorbed. On the
contrary, VS contained higher fibre content compared
with Q, that said its amylose content was significantly
lower than all the other formulations, which translates to a
starch more prone to hydrolysis. Other contributing factor
for the lower glucose bioaccessibility in formulation Q is
the presence of antinutrients from quinoa, that present
inhibitory effects on a-amylase and a-glucosidase activities
(Hemalatha et al. 2016). Yet, the addition of quinoa did
not alter the textural profile of the sample, whereas the
addition of vegetables in VS reduced the sample hardness
and, consequently, its chewiness which results in an
increase of free glucose and, thereafter higher glucose bio-
accessibility. Lower absorption of glucose is desired since it
will result in lower glycemic index values. The glycemic
index of the tested rice formulations were 64.66±0.44,
63.13±4.94, 71.02±1.56, 73.52±1.95 for BR, Q, WM and
VS, respectively. Therefore, BR and Q are classified as
medium glycaemic index food, while WM and VS are clas-
sified as high glycaemic index foods (Brand-Miller et al.
2002). These results are in accordance with values found in
the literature (Chang et al. 2014; Zenel and Stewart 2015;
Kaur et al. 2016), validating the results obtained using the
DIVGIS for in vitro dynamic digestion assays.
Conclusions
The addition of ingredients to wholegrain rice signifi-
cantly changed the digestive rate of formulations.
These differences were resultant of the different
nutrients available in the formulations, which pre-
sented higher values of carbohydrates, free sugars, lip-
ids, proteins and fibres. The addition of wholegrains,
specially quinoa, increased carbohydrates in formula-
tion Q and WM, nevertheless the carbohydrates
hydrolysis was lower for these formulations and corre-
lated with their higher fibre content. The addition of
vegetables in VS formulation had the opposed impact,
resulting in higher hydrolysis of available
Figure 3. Percentage of total carbohydrates hydrolysed and absorbed in the in vitro digestion on DIVGIS. Bars represent mean val-
ues and the errors bar represents standard deviation. Samples labelled with the same letter (a, b or c) within the same phase of
digestion do not statistically differ from each other (p Value > 0.05).
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carbohydrates that can be correlated to more free sug-
ars present and to lower chewiness. Further studies
are needed to deeply evaluate the role of different
ingredients (i.e. dietary fibres, sugars, proteins, lipids)
on other rice varieties and how this can better correl-
ate with the sensory and textural profile of rice.
However, this work glances this topic with some rele-
vant insights regarding the influence of food ingre-
dients, of different types and sources, in rice in vitro
digestion kinetics. Also, understanding how ingre-
dients affect the digestibility of food is of upmost
importance, since they could allow a controlled glu-
cose release in far more simple and economical way,
helping us manage human sugar consumption. The
application of dynamic in vitro gastrointestinal sys-
tems for simulation of food digestion allows acquiring
knowledge and withdrawing conclusions of their
hydrolysis profile and determining how different food
structures may influence bioaccessibility of nutrients
and bioactive compounds, since these components can
alter food texture and, therefore, its behaviour and
kinetics during digestion.
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